Specific antiflagellar serum of Clostridium chauvoei showed a powerful protective effect which prevented bacterial growth in the liver, but not in infected muscle, against intramuscular challenge with calcium chloride-activated spores in normal mice. No protective effect was observed in mice with polymorphonuclear leucocytes depleted by cyclophosphamide treatment. The antiflagellar serum had approximately the same protective effect in mice with macrophages blocked selectively by carrageenan as it did iti normal mice. We suggest that the antiflagellar serum exerted its effect by opsonic function and that opsonized C. chauvoei was eliminated mainly by polymorphonuclear leucocytes rather than by macrophages.
MATERIALS AND METHODS
Animals. Outbred female ddy mice purchased from the Shizuoka Agricultural Cooperative Association for Laboratory Animals, Hamamatsu, Japan, were used for the experiments when they were 6 weeks old. Rabbits of both sexes, all weighing about 3 kg, were obtained from a local breeder.
Bacterial strains. The Okinawa strain of C. chauvoei used in this study is used for vaccine production and for challenging mice in potency assays in Japan (1) . The minimal lethal dose of this strain for mice inoculated by the intramuscular route was approximately 10 spores when they were inoculated with 3% calcium chloride solution. Nonflagellated mutant (NFM) FN-42 from the same strain was isolated by treatment with N-methyl-N'-nitro-N-nitrosoguanidine and has been characterized previously (11) .
Preparation of anti-F serum. The partially purified flagel-* Corresponding author.
lum preparation (PPF) was prepared fromn motile organisms of the Okinawa strain as described previously (Tamura et al., in press). Briefly, the organisms were grown anaerobically in a GasPak system (BBL Microbiology Laboratories, Cockeysville, Md.) in CLB broth (1) Rabbits were immunized by two subcutaneous injections (4 weeks apart) of 0.5 ml of PPF in 500 pLg of protein emulsified in an equal amount of complete Freund adjuvant (latron Laboratories, Tokyo, Japan). At 13 days after the second injection, the rabbits were exsanguinated (anti-PPF serum). To prepare anti-F serum, anti-PPF serum was absorbed with the NFM by the following procedure to remove the 0 antibodies produced with the moiety derived fronm cell debris in PPF. Fbrmalinized cells of strain FN-42 were washed three times with phosphate-buffered saline (pH 7.2) and were mixed with anti-PPF serum at 100 mg/ml. After incubation at 37°C for 2 h and then at 4°C for 18 h, the serum was separated by centrifugation. This procedure was rejpeated at least three times until the 0 antibodies disappeared. The resulting serum was sterilized by passage through a 0.22-,um filter and was stbred at -20°C.
Tests for serological proberties of anti-F serum. Details of the agglutination tests *ere described previously (Tamura et al., in pl,>. §). H antigeh from formalinizediwhole cells and 0 antigen from boiled cells were prepared from the Okinawa straih. 'the immobilizabio"n teit was performed as follows.
Sterilized tubes (10 by 1.2 cm)were placed in a 50°C water bath, and 2.7 ml of molten CLA broth with 0.15% agar was added to each tube. Twofold serial dilutions were made in phosphate-buffered Waline. A volunie of 0.3 ml of each serum dilution was gently mixed with soft agar. The ckinawa strain was grown anaerobically in heart inftsion agar (Difco Labo-PASSIVE PROTECTION OF C. CHAUVQEI 613 ratories, Detroit, Mich.) supplemented with 5% defibrinated sheep blood at 37°C for 24 h. Single colonies were stabinoculated into each tube after the soft agar had cooled. The highest dilution of serum that inhibited the migration of the organism was termed the immobilization titer of the serum. The gel diffusion test was done by the method of Ouchterlony (9) . PPF solubilized by treatment with 0.2% sodium dodecyl sulfate (Sigma Chemical Co., St. Louis, Mo.) at 37°C for 60 min was used as the antigen. Values for the 50% effective dose (ED50) of the serum in mice were measured as described previously (Tamura et al., in press).
Determination of bacterial growth in mice. Mice were given intramuscular inoculations in the middle of the right thigh; each inoculum consisted of 2.3 x 102 Okinawa-strain spores suspended in 0.25 ml of 3% calcium chloride solution. At various times after inoculation, groups of four mice were sacrificed to count the number of organisms in infected muscle and in the liver as indices of local and generalized infections, respectively. The whole muscle mass of an infected thigh and the liver were weighed and homogenized with nine volumes of anaerobic diluent A (8) (KH2PO4, 4.5 g; Na2HPQ4, 6 .0 g; L-cysteine monohydrochloride, 0.5 g; Tween 80, 0.5 g; agar, 1.0 g, in 1,000 ml of distilled water) with a glass homogenizer. Tenfold serial dilutions of the suspensions were made with the same diluent, and 0.05 ml of each dilution was spread on TF medium (Eiken Chemical Co., Ltd., Tokyo, Japan) supplemented with 5% defibrinated sheep blood. Colonies were counted after anaerobic culture at 37°C for 24 h.
Treatment of mice with anti-F serum. The anti-F serum was diluted 40-fold with phosphate-buffered saline, and 0.5 ml was injected intraperitoneally 3 h before challenge.
Treatment of mice with CG or CY. CG (Sigma, type II) was dissolved in distilled water and injected intraperitoneally (200 mg/kg) 24 h before challenge. CY (Sigma) was also dissolved in distilled water and injected intraperitoneally (150 mg/kg) 72 h before challenge.
Count of peripheral leukocytes. Blood specimens were collected by puncture of the retroorbital venous plexus. Total numbers of leukocytes were counted after staining with Turk solution, and differential counts were carried out after staining of the smears with Giemsa solution. RESULTS Serological properties of anti-F serum. Table 1 shows the serological properties of anti-F serum. The anti-H titer of anti-PPF serum employed was 163,840, whereas the anti-O titer was 640. As for absorption with NFM, anti-PPF serum completely eliminated 0 antibodies, as evidenced by significantly reduced 0 agglutinating titers. There was no difference in H titers between the two sera. These results were supported by gel diffusion analysis with solubilized PPF as the antigen (Fig. 1) . Both sera gave a single common precipitation line corresponding to flagellin, but anti-PPF serum gave a different precipitation line as well. Although immobilization in soft agar also occurred at the same titers, the titers were approximately 100-fold lower than the corresponding titers of H agglutination. Bacterial growth was not entirely prevented in the CLB broth to which these sera were added to a final concentration of 10% (unpublished data). However, the ED50 values of these sera were high and were not significantly different.
Effect of anti-F serum on bacterial growth in muscle and liver. Mice pretreated with anti-F serum were protected completely from intramuscular challenge, although the mortality of untreated mice was 100% within 24 h (Fig. 2) . Viable bacteria in infected muscle and liver were counted at various times after challenge. In the anti-F serum-treated mice, the numbers of bacteria in infected muscle increased by 48 h to reach over 107/g and then decreased progressively over 120 h. No bacteria were detected in the liver throughout the experiment. In the control mice, the numbers of bacteria increased markedly by 12 h to reach over 107/g in infected muscle and approximately 103/g in the liver. Thereafter, the organisms grew progressively in infected muscle and the liver until the mice died. In addition, bacterial growth in the normal serum-treated mice was similar to that in the control mice. Therefore, the elimination of C. chauvoei was apparent only in the presence of anti-F serum.
Effect of CG and CY on circulating leukocytes. To confirm the effect of CG and CY on the peripheral blood leukocytes of mice, the numbers of PMN, lymphocytes, and monocytes as macrophages were counted at 24 h after injection with CG and at 72 h after injection with CY (Fig. 3) . Although the numbers of monocytes decreased to one-fourth of those in the untreated control after CG treatment (P < 0.01), that of PMN increased 1.7-fold. The numbers of PMN, on the other hand, decreased to one-eighth of those in the untreated controls after CY treatment (P < 0.01), and numbers of monocytes also decreased to one-fifth. bacterial growth in infected muscle and liver after intramuscular challenge were compared among CG-treated, CYtreated, and untreated control mice pretreated with anti-F serum (Fig. 4) . All CG-treated mice survived throughout the experiment, whereas 75% of the CY-treated mice died within 48 h. The numbers of viable bacteria in CG-treated mice were essentially the same as those in untreated control mice with anti-F serum (Fig. 2) . No bacteria were detected in the liver at any period during the experiment. However, progressive growth of challenged bacteria in the liver was observed in Cy-treated mice. The numbers of viable bacteria increased rapidly by 24 h to reach over 105/g, although the numbers in infected muscle were similar to those in untreated controls. 
DISCUSSION
With Vibrio cholerae, the flagella appear to be necessary for the organism to attach itself to the intestinal mucosa to deliver its toxin efficiently (5, 7, 14) . Immunization with crude flagellum vaccines decreases the number of radiolabeled vibrios attached to the mucosae of challenged rabbits (15) . On the other hand, a recent report indicated that groups of mice immunized with P. aeruginosa flagellar antigen preparations showed higher survival rates when they were challenged locally in the burned area, and the protection appears to be due to immobilization of the microorganisms in the burned skin tissue (6) . In contrast to these findings, little is known about the mechanism by which anti-flagellar immunization to mice against C. chauvoei offers protection against challenge, although the flagella are known to play an important role in protective immunity of this disease (Tamura et al., in press).
Our previous report suggested that the anti-flagellar serum plays an important role in passive protection (Tamura et al., in press). Our present results also support this suggestion. Evidence that passive protection might be due to antiflagellar antibody was obtained by having the anti-PPF serum absorbed with NFM. The data showed no appreciable loss in ED50 between anti-PPF serum and anti-F serum (Table 1) , but the anti-O titer of the serum was reduced below a detectable level by the absorption with NFM. With these considerations in mind, we attempted to elucidate this mechanism of anti-flagellar immunization on protection by the movement of challenged bacteria in mice treated with anti-F serum. Calcium chloride-activated spores injected intramuscularly without the presence of anti-F serum grew progressively in infected muscle and liver until the mice died. However, spores inoculated into anti-F serum-treated mice remained localized within the infected muscle throughout the experiment, and there was no systemic spread of bacteria (Fig. 2) . Thus, the numbers of viable bacteria increased markedly in infected muscle of anti-F serum- (10) . In the control mice inoculated with calcium chloride-activated spores, bacterial growth was detected in infected muscle, but not in the liver until 6 h. Thereafter, the organisms spread into systemic organs as growth was detected in the liver (Fig. 2) . Therefore, calcium chloride may act as an activator in the pathogenesis of C. chauvoei infection, particularly in local infection. Perhaps the protective mechanism involves prevention of the systemic spread of bacteria by the anti-F serum.
In such an early stage of infection, phagocytes such as PMN or macrophages have a more important role in the elimination of the challenged bacteria than immunologically reactive cells do (12, 13) . CG selectively damages cells of the macrophage series, but it does not damage PMN (12) . On the other hand, it is well known that CY depletes PMN and macrophages as well as immune lymphocytes (3, 4) . Our experimental systems were essentially similar to those used in these reports (Fig. 3) . Therefore, we tried to establish which phagocytes make the main contribution to protection against C. challloei. CY dramatically increased the mortality rate of mice treated with anti-F serum after challenge, whereas CG did not affect it at all (Fig. 4) . Thus, protection against this organism depends mainly on PMN but not on macrophages, and the protective effects of anti-F serum are exhibited only in the presence of PMN. This interpretation was supported by the pattern of bacterial growth in the liver as an index of generalized infection. Although no bacteria were detected in CG-treated mice given anti-F serum, progressive bacterial growth was observed in CY-treated mice, even in the presence of anti-F serum. We therefore suggest that anti-F serum exerts its effect by opsonic function and that opsonized C. (chauvoei is eliminated mainly by PMN rather than by macrophages. Further studies on role of PMN in the protection of mice are necessary to prove this speculation.
